The role of wild mammals, such as roe deer (Capreolus capreolus) and chamois (Rupicapra rupicapra), in the epidemiology of granulocytic ehrlichiae in Switzerland was investigated. We tested blood samples for Ehrlichia phagocytophila genogroup 16S rRNA gene sequences by PCR and for immunoglobulin G antibodies against granulocytic ehrlichiae by indirect fluorescent-antibody assay (IFA). Overall means of 60.9% of 133 roe deer serum samples and 28.2% of 39 chamois serum samples were seroreactive by IFA. PCR results were positive for 18.4% of 103 roe deer serum samples as well. None of the 24 chamois blood samples tested were positive by PCR. Partial 16S rRNA gene and groESL heat shock operon sequences of three roe deer samples tested showed strong degrees of homology (>99.7 and >98.6%, respectively) with the sequences of granulocytic ehrlichiae isolated from humans. These results confirm that chamois, and particularly roe deer, are commonly infected with granulocytic ehrlichiae and provide evidence that these wild mammals are potential reservoirs for granulocytic ehrlichiae in Switzerland.
Granulocytic ehrlichiae (GE) are tick-transmitted, obligate intracellular bacteria which have been associated with illnesses of veterinary importance for decades. In the early 1990s, a human infection with a granulocytic Ehrlichia species was recognized to be an emerging human disease, and to date, more than 600 cases of human granulocytic ehrlichiosis (HGE) have been identified, mostly in the upper Midwest and in the Northeast of the United States (3). Insufficient differences exist between the HGE agent, Ehrlichia phagocytophila, responsible for tick-borne fever in ruminants, and Ehrlichia equi, the agent of the equine granulocytic ehrlichiosis, to support separate species designations; and the 16S rRNA sequences of this group are at least 98.2% similar to those of any Anaplasma species (14) . These 16S rRNA gene analyses are strongly supported by similar groESL clades, as well as biological and antigenic characteristics. Very recently, Dumler et al. (14) proposed that the genus Anaplasma be emended to include Anaplasma (Ehrlichia) phagocytophila comb. nov., which also encompasses the species formerly known as E. equi and the HGE agent.
Since 1995, serological evidence of HGE has been demonstrated in several European countries (3, 7, 11, 15, 16, 20, 23, 40, 49, 50) , including Switzerland (9, 29, 45) , in areas of known endemicity for Lyme borreliosis. Clinical and laboratory-confirmed HGE cases have been reported to occur in patients from Slovenia (42) , The Netherlands (51) , and Sweden (6) .
In the United States, infections with GE in humans and animals have often been associated with Ixodes scapularis and Ixodes pacificus ticks, which serve as the primary vectors.
Transovarial transmission of Ehrlichia species appears to be inefficient in ticks (33) , and mammalian hosts are therefore presumed to play an important role in the maintenance and propagation of Ehrlichia species in nature. The white-footed mouse (Peromyscus leucopus), besides being a major host for immature I. scapularis, is apparently a main reservoir host for species of GE. Large mammals, including the white-tailed deer (Odocoileus virginianus), are implicated as natural reservoirs as well (5, 34, 53) . In Europe, very little is known about the animal reservoirs or the ecology of GE. Studies that have used PCR methods have demonstrated the role of I. ricinus as a potential vector (12, 19, 28, 39, 41, 43, 44, 46, 52) . There is some evidence of the role of small mammals, particularly rodents, in the transmission of GE in Switzerland (28) , and in the United Kingdom (39) . In the latter country, field evidence that roe deer (Capreolus capreolus) are a potential natural host for GE was shown (2). To our knowledge, except for the latter British studies, no other studies on wild large mammals and infections with GE in Europe have been published.
The purpose of the present study was to investigate the role of wild ruminants, such as roe deer and chamois, common hosts of I. ricinus ticks, as potential reservoirs for GE by quantifying the prevalence of infection of these animals with GE by PCR and serologic testing in order to better understand the epidemiology of granulocytic ehrlichiosis caused by species of the E. phagocytophila genogroup.
MATERIALS AND METHODS
Study areas and sample collection. This study was conducted in four areas located in three Swiss cantons (territorial subdivisions): area 1 (canton of Neuchâtel), area 2 (southern canton of Bern), area 3 (northern canton of Bern), and area 4 (canton of Vaud) (Fig. 1) . On the basis of previous studies with small mammals, ticks, and cattle, these areas are known to be endemic for granulocytic ehrlichiosis (27, 28) .
In the autumn of 1992, during the regular hunting season, roe deer and chamois were collected by gunshot. Hunters were recruited to collect roe deer and chamois blood samples. Several recruitment strategies were used, including presentations to local hunting groups and direct mailing to members of hunting organizations. Blood collection kits were distributed at group meetings. Each kit consisted of two blood tubes (one for serum and one containing K-EDTA), a 20-ml plastic syringe with a needle inside a biohazard bag with instructions, and a form for the collection of the date of collection and demographic data (age and sex of the animal, altitude and place where the animal was shot). Hunters were asked to obtain blood samples from the animals by cardiac puncture when dressing freshly killed animals in the field. They were instructed to place the tubes in the biohazard bag (one bag for each shot animal to avoid cross-contamination) and to keep the tubes cool after sample collection by refrigerating them as soon as possible. Multiple sites where the blood samples could be dropped off were available. Samples were sent by mail to our laboratory as well. Each animal was examined visually for the presence of ticks by the hunters. For this reason, the identification of tick species was unfeasible. Thus, it is assumed that the great majority, if not all, were I. ricinus ticks, a common species infesting wild mammals. Ticks were also sent to our laboratory for species determination.
IFA. Serum was harvested from clotted blood after centrifugation at 1,000 ϫ g for 15 min and stored at Ϫ80°C prior to testing. Samples were tested for antibodies to the E. phagocytophila genogroup by an indirect fluorescent-antibody test (IFA) (27) . Samples were screened at dilutions of 1/40 and 1/80 in phosphate-buffered saline (PBS; pH 7.3) on spot slides of neutrophils infected with a Swiss bovine isolate of E. phagocytophila (27) . Fluorescein isothiocyanate rabbit anti-bovine immunoglobulin G (IgG; heavy and light chains) conjugate (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) was diluted to 1/400 in PBS. Samples were considered positive when their titers were greater than or equal to 1/80. In order to determine end-point titers, positive samples were diluted twofold and the results were recorded as reciprocals of the highest dilution at which specific fluorescence of cytoplasmic ehrlichial morulae or individual organisms could be detected. Samples used as negative controls were from cattle with no history of ehrlichiosis, and samples used as positive controls were from calves experimentally infected with E. phagocytophila by using Swiss bovine blood stabilates.
DNA extraction. Total DNA was extracted from blood samples by using a QIAamp Blood kit (Qiagen, Basel, Switzerland), according to the manufacturer's instructions. Briefly, DNA was extracted from 100-to 200-l aliquots of blood. Detergent lysis was carried out in the presence of proteinase K for 15 min at 70°C. The lysed material was applied to a spin column containing a silica gelbased membrane and washed twice. Purified DNA was eluted from the columns in 200 l of 10 mM Tris-HCl-0.5 mM EDTA (pH 9.0) and stored at Ϫ20°C until it was used as a template for PCR amplification.
PCR amplification. Granulocytic ehrlichial infections in roe deer and chamois blood were detected with two sets of primers in a nested PCR format which specifically targets the 16S rRNA gene of the E. phagocytophila genogroup (10, 35) . PCR amplifications were performed in a thermal cycler (Eppendorf Mastercycler Personnal; Eppendorf, Hamburg, Germany). Primary reactions used 5 l of DNA extraction sample as the template in a total volume of 50 l. The reaction mixtures contained 10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl (pH 8.3), each deoxynucleoside triphosphate (dNTP) at a concentration of 200 M, 1.25 U of Taq polymerase, and each primer at a concentration of 0.5 M. The outer primers were ge3a (5Ј-CACATGCAAGTCGAACGGATTATTC) and ge10r (5Ј-TTCCGTTAAGAAGGATCTAATCTCC), which produce a 932-bp product. Cycling conditions included an initial 2 min of denaturation at 95°C, followed by 40 cycles, each consisting of 30 s of denaturation at 94°C, 30 s of annealing at 55°C, and 1 min of extension at 72°C. These 40 cycles were followed by an extension period of 5 min at 72°C. For samples that had no amplified products after the initial PCR, reamplification was done by a nested PCR. The nested amplifications used 1 l of the primary PCR product as the template in a total volume of 50l. Each nested amplification contained 10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl (pH 8.3), each dNTP at a concentration of 200 M, 1.25 U of Taq polymerase, and each internal primer (ge9f [5Ј-AACGGATTATTCT TTATAGCTTGCT] and ge2 [5Ј-GGCAGTATTAAAAGCAGCTCCAGG]) at a concentrations of 0.2 M. These primers produce a 546-bp product. The cycling conditions for the nested amplification were as described above for the primary amplification, except that 30 cycles were used.
For further characterization, randomly selected DNA samples positive for the E. phagocytophila genogroup 16S rRNA gene were tested by PCR assays with primers designed to amplify the groESL heat shock operon of Ehrlichia spp. The assay was conducted in a nested format with primers HS1a (5Ј-AITGGGCTG GTAITGAAAT) and HS6a (5Ј-CCICCIGGIACIAIACCTTC) (the primers were modified from those described previously [48] ) (37) mixtures for PCR assays were prepared with commercial amplification kits (Ready-To-Go PCR Beads; Amersham Pharmacia Biotech, Piscataway, N.J.). Two microliters of DNA template was added to 23 l of a reaction mixture containing 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 1.5 mM MgCl 2 , each dNTP at a concentration of 200 M, each primer at a concentration of 1 M, and 1.5 U of Taq polymerase. PCRs were performed in a thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.). Cycling conditions involved three preliminary cycles, each consisting of 1 min of denaturation at 94°C, 2 min of annealing at 48°C, and 1.5 min of extension at 68°C, followed by 37 amplification cycles, each consisting of 1 min of denaturation at 88°C, 2 min of annealing at 48°C, and 1.5 min of extension at 68°C. These cycles are followed by an additional extension period of 5 min at 68°C. During the second (nested) amplification round, 1 l of the finished primary reaction mixture was added to 24 l of the reaction mixture. The annealing temperature of the reaction was increased to 55°C, and the temperature used for extension was increased to 72°C.
All amplified products were subsequently maintained at 4°C until they were analyzed by agarose gel electrophoresis or purified for DNA sequencing.
For quality control both positive and negative control specimens that were amplified by PCR in parallel with all specimens were used. In order to minimize the potential for contamination, DNA extractions, PCR setup, and agarose gel electrophoresis were performed in three separate rooms. Precautions were taken to prevent contamination of samples, including the use of aerosol-barrier pipette tips.
DNA sequencing and data analysis. Sequencing of the PCR products was conducted by the purification methods and automated sequencing techniques described previously (35, 48) . We partially sequenced the 16S rRNA gene and groESL heat shock operon from three roe deer samples (samples 56, 58, and 99). The 16S rRNA gene and groESL heat shock operon sequences used for comparison were obtained from the GenBank database. Nucleotide sequence homology searches were made through the National Center for Biotechnology Information BLAST network service.
Statistical analysis. Fisher's exact test was used to compare the proportions. P values of Ͻ0.05 were considered statistically significant.
Nucleotide sequence accession numbers. The sequences of the GE obtained from three roe deer samples (samples 56, 58, and 99) are available in GenBank under accession nos. AF384212, AF384213, and AF284214, respectively, for the 16S rRNA gene (rDNA) sequences and accession nos. AF383225, AF383226, and AF383227, respectively, for the groESL heat shock operon sequences.
RESULTS
Chamois and roe deer samples. A total of 133 roe deer and 39 chamois samples were collected. The sex and age compositions of the roe deer and chamois population are presented by area in Table 1 .
Ticks collected from animals. Of the 133 roe deer and 39 chamois, 61 (45.9%) and 2 (5.1%), respectively, were infested with ticks (Table 2 ). All the ticks (n ϭ 85) sent by hunters to our laboratory were identified as engorged female I. ricinus ticks. If we exclude the data for area 4 (where no chamois samples were collected), roe deer were significantly more infested with ticks than chamois (P Ͻ 0.000001) in all collections areas. Furthermore, roe deer shot in areas below 1,000 m in altitude were significantly more infested with ticks than those shot above that altitude (P Ͻ 0.015) ( Table 2) .
Direct microscopic detection of GE. Direct microscopic examinations of Giemsa-stained buffy coat blood smears from roe deer and chamois never demonstrated any intragranulocytic ehrlichial inclusions (morulae).
Antibody detection. A total of 133 serum samples from roe deer and 39 serum samples from chamois were tested by IFA (Table 3) . Of these, 81 (60.9%) roe deer and 11 (28.2%) chamois were found to contain IgG antibodies reactive to GE by IFA. The titers of the 81 positive roe deer samples ranged from 80 to 2,560, with 45.9% (61 of 133) of the titers being greater than or equal to 160 (geometric mean titer ϭ 137). The titers for the 11 positive chamois samples ranged from 80 to 1,280, with 25.6% (10 of 39) of the titers being greater than or equal to 160 (geometric mean titer ϭ 76). Depending on the areas, variations in the prevalence of infection were observed: 53.2 to 77.8% for roe deer and 11.8 to 50.0% for chamois. No significant differences in the prevalence of infection were found by age or sex for either mammalian species (data not shown). The overall prevalence of antibodies reactive to GE was significantly higher in roe deer than in chamois (P Ͻ 0.0005). Furthermore, the prevalence in roe deer and chamois coming from areas below 1,000 m, where they are likely to be in contact with ticks, was significantly higher than that in animals coming from areas above 1,000 m (P Ͻ 0.02) ( Table 4) .
PCR detection. None of the 24 chamois blood samples tested positive for GE by PCR. However, granulocytic ehrlichial Sequence analysis. The 16S rDNA sequences and groESL heat shock operon sequences from three roe deer (samples 56, 58, and 99) were compared to each other and to sequences in the nucleotide sequence databases. The partial 16 rDNA sequences (881 bp between the GE3A and GE9 primer sites) from samples 56 and 58 were identical, and sequence homology searches found one identical sequence (GenBank accession no. AJ242784) that was designated Swedish tick Ehrlichia type IIb (52) . The sequence from sample 99 differed from those from samples 56 and 58 by 2 nucleotides (99.8% identity), and no exact match was found between the sequence from sample 99 and those in the databases. Sequence ESP242784 was the most similar sequence from the databases with the greatest similarity to sequences from samples collected in this study. Overall, the 16S rRNA gene sequences of the three samples revealed 99.7 to 100% homologies with known granulocytic ehrlichial DNA sequences.
The groESL sequences amplified from the three roe deer samples were more divergent. The sequences were of equal lengths, 1,256 bp between nested PCR primers HS43 and HSVR. These primers amplify a portion of the groESL operon that includes 50 bp of the 52-bp intergenic spacer sequence between the groES and groEL genes and 1,206 bp of the groELcoding sequence. Sequences from samples 56 and 58 were most similar, differing by 5 nucleotides (99.6% identity), and the deduced amino acid sequences for the portion of groEL amplified (402 amino acid residues) were identical. As with the 16S rRNA gene sequences, the sequence from sample 99 was less similar, differing from the sequence from sample 56 by 25 nucleotides (98.0% identity) and from the sequence from sample 58 by 22 nucleotides (98.2% identity). The sequences from the spacer region were identical. Nucleotide differences occurred in the groEL-coding sequence and were silent, with one exception. The deduced amino acid sequence for sample 99 differed from the others by 1 residue. Alanine was replaced by serine at position 242. The deduced amino acid sequence for sample 99 was identical to those of most sequences of GE in the databases.
In summary, the sequences obtained from the PCR products are compatible with sequences previously described for GE, and this confirms that for the PCR tests the correct targets were amplified. It is difficult to judge the significance of the sequence variations observed among the PCR products.
DISCUSSION
The life cycle of GE involves a complex interaction between natural hosts that act as potential reservoirs and tick vectors that progress through multiple life stages and that may transmit the infection to humans. In many parts of Europe, roe deer appear to be an important maintenance host for I. ricinus tick reproduction (essentially nymphs and adults, but also larvae) and are strongly associated with other tick-borne pathogens such as Borrelia burgdorferi, the causative agent of Lyme disease, although the competence of roe deer as a reservoir is still discussed (18, 22) . In both Europe and North America, the magnitude of Ixodes vector infestations appears to be related to the local abundance of deer (38, 54) . This study provides evidence supporting the role of chamois, and particularly the role of roe deer, in the maintenance cycle of GE in Switzerland. To our knowledge, the present publication mentions for the first time the presence of tick infestation in chamois and evidence of infection of chamois with GE.
Cervids, such as white-tailed deer, have been initially implicated as suspected reservoir hosts for Ehrlichia chaffeensis, an agent of human monocytic ehrlichiosis, in the United States. Depending on the areas, rates of seropositivity for E. chaffeensis infection ranging from 4.4 to 92% were described (21, 24, 26, 30, 31, 36, 47) ; E. chaffeensis 16S rDNA was detected by PCR in the blood, spleens, or lymph nodes of white-tailed deer (24, 30) or in archived tissue (25) , and E. chaffeensis from deer was isolated in cell culture (26, 30) as well. Furthermore, a novel Ehrlichia-like organism closely related to the E. phagocytophila genogroup by 16S rRNA gene sequence comparisons was found to be infecting white-tailed deer distributed throughout the southeastern United States (8, 13, 26, 31) and other wild cervid species from California (17, 24) . In the United States, white-tailed deer participate in the maintenance of the Ixodes species life cycle, but their role as a reservoir host for GE is still undetermined. By the use of specific 16S rDNA primers, granulocytic ehrlichial DNA was detected in deer blood samples from Connecticut, and among them, samples were positive for the DNA of the 44-kDa gene, which is unique to the E. phagocytophila group. The same study showed that deer serum samples contained antibodies to either or both of the BDS or NCH-1 strains of GE (34) . Studies carried out in Wisconsin (5, 35, 54) showed a seroprevalence among white-tailed deer between 8 and 60%, and a seroprevalence of 25% was found among white-tailed deer in Maryland (53) . Ehrlichial GE DNA was detected by PCR in 9.4% of deer blood samples in Maryland (35) and in 15% (5) and 64% (4) of deer blood samples in Wisconsin. The latter study also described three patients with HGE who had extensive exposure to deer blood presumed to be infected with the causative agent. Seropositive white-tailed deer were found in Georgia as well (26) .
In Europe, studies linking large wild mammals infected with GE are nearly nonexistent. In the United Kingdom, the prevalence of infection in blood and spleen samples from culled roe deer collected from nine sites was determined by serology and PCR. Means of 58% of 102 plasma or serum samples were seroreactive by IFA, and means of 38% of 84 blood samples and 29% of 82 spleen samples were positive by PCR (2) . A Dutch study that used a sensitive and specific PCR hybridization assay showed that roe deer may infect tick vectors: 45% of I. ricinus ticks collected on roe deer were positive. More than half of these positive ticks carried species of GE with 16S rDNA sequences closely related to those of E. phagocytophila and the HGE agent. The majority of the other positive ticks were infected with a newly identified Ehrlichia-like species (46). Our serologic results for roe deer are identical to those presented in the British study, but the PCR prevalence in Switzerland seems lower.
Roe deer are highly adaptable species found in a wide variety of habitats, ranging from open moors to thickly covered areas in coniferous or deciduous woodlands. Chamois live in mountain pastures and rocky areas above the tree line to 3,500 m, not far from the snow line. In winter, they descend to lower altitudes, below 1,500 m, into forested regions, although they remain near steep cliffs or open slopes cleaned of snow by the wind. During the summer months, herds of chamois wander alpine meadows above 1,800 m. The I. ricinus tick is the most common tick species in Switzerland, living in wooded areas with abundant low-stratum vegetation and generally deciduous woodland, but it also lives in coniferous or mixed forests. The altitude acts as a restrictive factor for this tick species (1) . In Switzerland, the tick population decreases rapidly beyond 1,000 m and disappears above 1,500 m. In areas 1, 3, and 4 examined in the present study, the altitude does not exceed 1,200 m. Roe deer and chamois populations often live in the same geographic sites, and during the entire year, both species may be in contact with ticks infected with GE. In area 2, however, the altitude can reach more than 3,000 m. Most of the year, chamois live at altitudes where ticks are not present. The decrease in the tick population with altitude is confirmed by the tick infestation rates of roe deer and chamois. Roe deer were significantly more infested with ticks than chamois (45.9 and 5.1%, respectively), this was the case regardless of the area studied ( Table 2 ). The animals coming from areas below 1,000 m had more ticks than those coming from studied areas above 1,000 m (P Ͻ 0.02) ( Table 2 ). This difference of habitats is reflected in the prevalence of infection with GE. The overall prevalence of antibodies reactive to GE was higher in roe deer than in chamois (P Ͻ 0.0005) ( Table 3) , and none of the chamois blood samples analyzed by PCR tested positive for GE. We detected current infection in 18.4% of roe deer by PCR (Table 5) . Among these animals, 84.2% (16 of 19) were IFA positive, 79.0% came from areas situated below 1,000 m, and 47.3% were infested with ticks.
In Switzerland, roe deer are relatively abundant in diverse biotopes and serve as hosts for large numbers of all stages of I. ricinus ticks, which may become infected with GE. For these reasons, roe deer are likely to be competent reservoirs of granulocytic ehrlichial infection. This study suggest that chamois, and particularly roe deer, are naturally infected with GE in diverse geographical regions of Switzerland and that these animals, and potentially humans, are exposed to infected ticks at a high frequency in nature.
